Introduction
The study of the electrochemical properties of clay / water interfaces is of primary importance in soil and environmental chemistry: clay surface / ion interactions greatly influence not just soil aggregation and nutrient availability for plants but also contaminant mobility [1] . For the latter reason, the electrochemical properties of clay / water interfaces have been intensively studied to characterize the migration of ionic species around waste repositories (e.g. [2] [3] [4] [5] ). Clay formations are being considered to investigate the disposal of high-level radioactive waste in various European countries and have been the target of many studies over the past decade to determine their capacity to act as a host rock for high-level, long lived nuclear waste. The retention properties of these clay rocks are related to their very low permeability, high structural charge and surface area associated with the clay minerals. A comprehensive study of their surface properties and particularly of the ionic composition and mobility is necessary to assess the safety of the geologic disposal. Among the variety of minerals composing argillites and bentonites, montmorillonites are important because they have a large surface area for interaction with water molecules and dissolved ions. The characterization of the montmorillonite / water interface using electrostatic surface complexation models such as the double (DLM) or triple layer model (TLM) has already been the subject of many papers (e.g. [1, [6] [7] [8] [9] ). These macroscopic models are very useful for determining the ionic composition, i.e. cation condensation and anion exclusion at the interface. The DLM and TLM use the Gouy-Chapman model [10, 11] to describe the electrostatic interactions between the excess of charges of the clay Navier-Stokes equation (hydrodynamics) to characterize, for example, the influence of the electrical charges on ionic and water fluxes [6, 12] .
However, some assumptions of the model may not be valid. For instance, the theory assumes that the ions are point charges embedded in a continuum of constant dielectric that are distributed according to Boltzmann statistics. This assumption may not be valid if, for example, the water content is very low [5] or at high surface charge and ionic strength, because the size of the solvent molecules and the hydrated counter-ions cannot be neglected [13] . Another problem concerns the interpretation of the TLM parameters and their relation to the structural, physical and chemical properties of the interface [14] .
Unlike macroscopic models, microscopic simulations such as molecular dynamics (MD) or Monte Carlo (MC) simulations explicitly take into account every atom in the system. These simulations have the advantage of giving accurate representations of the water, cation and anion concentration profiles and diffusivities ( [5, [15] [16] [17] [18] [19] [20] [21] ).
Nevertheless, microscopic simulations require considerable computational effort and are thus time consuming, restricting molecular modelling to short length and time scales.
The small size of the simulated systems also makes it necessary to consider a model composition and structure that are idealized compared to the real system. Microscopic simulations do not provide direct access to transport properties at the macroscopic scale.
The idea presented in this paper is to check the validity of the macroscopic electrostatic models by using molecular dynamics calculations in the case of a dilute NaClmontmorillonite system. Recently, Rotenberg et al. [22] used MD and MC to access the range of validity of macroscopic equations (Navier-Stokes and Poisson-Boltzmann) in clayey media containing montmorillonite. However, these authors do not consider the existence of the compact Stern layer at the interface. As far as we know, there has been no attempt yet to use MD as a benchmark to constrain TLM parameters at the montmorillonite / water interface and to validate ionic composition derived from the macroscopic electrostatic descriptions. Molecular dynamics calculations were therefore performed in order to provide an exact representation of the water, cation and anion concentration profiles in a solution influenced by a smectite surface at solute concentrations representative of the porewater in natural clayey media (I ~ 0.1, [23] ).
We restricted ourselves to the case of a binary symmetric monovalent electrolyte (NaCl)
where we hoped to find good correlation between MD and MGC / TLM models.
Materials and methods

Geometry of the MD system
A periodical 3D system was considered with two smectite TOT layers inserted between two water boxes. The clay structure was built based on a mica structure [24] . Octahedral charge of the clay was ensured by random substitutions of Al 3+ by Mg 2+ using an exclusion rule so that two substitutions could not occur on two adjacent sites. The interlayer water structure was a two water layer structure in agreement with XRD results on water saturated compacted Na-smectite at montmorillonite partial dry density between 1.6 and 1.8 kg/dm 3 [25] . An interlayer water specific mass of ~0.24 kg water /kg clay [26, 27] regards to water and ion distribution and results at both interfaces were averaged. Charge deficits were equilibrated by adding Na + surface cations. Half of the total charge was compensated by cations in the interlayer. The other half was randomly put at a distance of 3.2 ± 1 Å of the most external oxygen atoms of the structure. In the following, the term "charge deficit of the clay structure" will refer to the charge deficit that is not compensated by interlayer cations. In addition, 10 Na + and 10 Clions were inserted in both the upper and lower water boxes leading to a total concentration (and ionic strength) of ~0.10 mol L -1 , corresponding to (i) the lowest concentration limit for statistical analysis of anion distribution profiles from molecular dynamics results (with regard to the computer capabilities devoted to the project) and (ii) to an ionic strength representative of natural conditions in clayey media (e.g. [23, 28] ).
Clay and water force fields
In the proposed simulations, the CLAYFF force field [29] describes external and internal clay mineral surface / water + ion interactions. The force field used to describe the non-bonded interaction energy terms between clay atoms, water atoms and ions consists of pairwise interactions. The interaction between two atoms is represented by a direct electrostatic (Coulomb) contribution and a Lennard-Jones potential to account for short-range repulsion and long-range dispersion forces. In the simple point charge (SPC) water model, every water molecule has three charged sites centred on each of the H 2 O atoms [30, 31] . Flexible water molecule parameters have been introduced into the SPC water model of CLAYFF by Cygan et al. [29] using bond stretch and bond angle terms with expressions determined by Teleman et al. [32] . Although CLAYFF enables the modelling of a flexible clay network, we considered a rigid clay network in order to simplify post-processing of data. The atoms in the clay structure (Si, Al, Mg, O and H atoms) were fixed but cations and water in the interlayer and on external surfaces were allowed to move, similarly to previous studies (e.g. [15, 17, 33, 34] ).
Moreover, additional simulations using SPC/E force field charge parameters for water [30] were run in order to better scale the diffusion coefficients of solute species (models using SPC force field overestimate the water self diffusion coefficient. The SPC/E model corrects this problem with a slightly different charge distribution on the charged sites of the water molecule).
Numerical methods
Initial structure and coordinate files were prepared using XPLOR-NIH [35, 36] . NAMD [37] was used to perform molecular dynamics simulations in the NVT ensemble (constant number of particles, volume and temperature). All calculations were performed at 298 K and zero applied pressure. The coulombic interactions were calculated using the particle mesh Ewald summation method. An equilibration period of 1 ns was applied to the systems before the data were interpreted over a 5 ns period.
Post-processing of MD results
Trajectories of atoms were sampled every 0.1 ps. Wordom [38] was used to extract coordinate files as a function of time. Mean concentration profiles of H 2 O (the oxygen atom position taken as the centre of mass of the molecule), Na and Cl were calculated from coordinate files (with 0.5 Ǻ and 0.01 Ǻ resolutions) together with radial distribution function of water around Na and Cl as a function of clay surface distance.
Previous studies (e.g. [17, 39] ) have shown that dynamic properties of water and ions vary with the distance from the clay surface. As a consequence, diffusion coefficients parallel to the ab plane were calculated with the approach developed by Liu et al. for confined fluids and interfaces [40] . Dynamic properties were averaged within different layers of water at the clay surface, the boundaries of which were defined from density profile oscillations.
Zeta potential measurements on natural montmorillonite particles
Zeta potential measurements were performed on the <2µm fraction of MX-80 bentonite.
The whole extraction procedure is reported in [41] . The same material was used. The CEC (cation exchange capacity) of MX80 material was determined by cation extraction using the cobalt hexamine method (modified after [42] ) and led to a value of 0.65 ± 0.04 mol c /kg. Taking into account the impurities content (~23%, [41] ), the cation exchange where ε is the permittivity of water (in F m -1 ) and η is the viscosity of water (in Pa s).
Analyzed clay suspensions were prepared at a solid to water content of 0.1 g L -1 in Milli-Q water. Each suspension was homogenised and dispersed by mechanical stirring and further ultrasonic treatment (2 minutes at 40 kHz). Ionic strength was then increased before measurements by adding analytical grade NaCl salt for a final concentration of 0.12 mol L -1 . 
Na sorption and diffuse ion swarm modelling
MGC theory
The modified Gouy-Chapman theory enables a quantitative description of the anion and cation concentration profiles in the vicinity of a uniformly charged (with surface charge density, σ in m -2 ) and flat surface and assuming that (i) the water is a uniform continuum characterized by its dielectric permittivity (ε=ε 0 ×ε w where ε 0 is the permittivity of vacuum, 8.85419×10 -12 F m -1 , and ε w is the relative permittivity of water, 78.3 at 298 K) and (ii) that the potential of the mean force is proportional to ψ(x), the mean electrostatic potential (in V), at a distance x perpendicular to the surface [43] .
Under these conditions, Na + and Clconcentration profiles (c i with i = Na + or Cl -) in the investigated system can be calculated according to the following equation system (with x > a): Where F is the Faraday constant (96485 C mol -1 ), R the gas constant (8.314 J mol -1 K -1 ), T the temperature (K), N A the Avogadro number (6.022 10 23 mol -1 ), a the distance of closest approach to the surface of ions (m), κ the inverse of the Debye length (m -1 ), Z i the charge of ion i (in our case +1/-1) and c i0 the concentration at "infinite" distance from the surface (in mol dm -3 ).
Basic Stern and TLM theory
The TLM used for describing the system is very similar to that depicted in Leroy et al. [44] . The charged clay surface is counterbalanced by cations adsorbed at the mineral surface (at 0-plane, see Figure 1 ), in the compact layer (at β-plane, see Figure 1 ) and in the diffuse layer together with anion exclusion from the Stern layer (complete exclusion) and the diffuse layer (anion concentration decreases exponentially as a function of the d-plane vicinity). Cations compensating the deficit of charge layer undergo the reaction:
X -… Na + ⇔ X -+ Na + K Na_β (at β-plane)
where Xrepresents a charged site at the clay surface and K Na is the equilibrium constant (mol dm -3 ) according to: where c i denotes concentration, a i denotes activity (calculated using the Davies equation), ψ 0 and ψ β are the mean electric potential at the 0 and β-plane (V), Q 0 and Q β are the corresponding surface charge densities (C m -2 ), and Q struct is the structural surface charge density (-0.116 C m -2 ).
Under these conditions, the following equations and parameters describe the system: phyllosilicate mineral surfaces such as muscovite or talc [45] or clays [17, 46] . The maximum density peak position is at ~2.65Å from the coordinate of the most external oxygen atoms of the clay structure and corresponds therefore to slightly less than the distance of one oxygen ion radius (r O =1.4 Å) plus one water molecule radius (r H2O~1 .5 Å). The mean water density in the structured water can be calculated with the density profile and is equal to the bulk water density when integrating the two first oscillations from the clay surface coordinates (density difference less than 2%).
Results and discussion
Molecular dynamics results
In the following, the clay surface refers to the coordinate of the centre of the most external oxygen atoms plus the distance of one oxygen ion radius (with this convention, the water density peak is located at ~1.25 Å from the clay surface). The sodium concentration profile shows a "plane" of adsorbed sodium near to the surface and then the presence of a diffuse layer. The "plane" of sorbed Na is located at 2.8 Å from the surface with a start of the concentration peak at 1.8-1.9 Å, in agreement with the distance of closest approach of Na + usually considered in the MGC model (3.74/2 = 1.87 Å). In the sorption plane, Na is mostly present as outer-sphere complexes and keeps its 5-6 coordination waters as shown by the radial distribution function of water around Na cations ( Figure 3 ). A very minor part of Na (~6% of the surface charge) is engaged in sorption sites where the Na hydration shell has lost up to 3 water molecules.
The results of the simulation show a decreasing Clconcentration as Clapproaches the clay surface ( Figure 2 ). Due to anion repulsion from the clay surface, the Clconcentration increases by 0.02 mol L -1 in the water far from the surface (~0.12 mol L -1 )
as compared to the initial Clmean concentration (0.1 mol L -1 ). The closest distance of Cl approach is very near the clay surface and ends roughly when the plane of sorbed Na + is met. Clconcentration becomes equal to Na + concentration (concentration difference less than 10%) at about 25 Å from the clay surface.
Ion and water diffusion coefficients were computed using the methods of [40] , applied to six distinct zones parallel to the clay surface: I: interlayer, II: Na inner-sphere and first peak of water density, III: main peak of sodium concentration, IV: second (Table 1) , showing a decrease in water and sodium mobility as they approach the surface, in agreement with previously reported MD results [17] . Our results are also in agreement with results from 
Comparison of MD results with MGC and TL models
For reasons of simplicity, in the following the abscissa x=0 (or clay surface) corresponds to the position at one oxygen ion radius from the centre of the most external oxygen atoms in the clay (i.e. top of surface oxygen atoms). Figure 5 shows the Na and Cl concentration profile obtained from equations (2) to (5) and their comparison with profiles obtained from MD calculations (the mean of the simulation performed with SPC and SPC/E force fields). A 0.116 mol L -1 NaCl background concentration (c 0 ) was chosen according to the mean concentration of Na and Cl on the last 20 Å of the MD profiles. The surface charge was taken as equal to that exhibited by the clay surface in the MD simulation (-0.116 C m -2 ). A distance of closest approach of a = 1.84 Å was considered for Cland Na + , representative of a mean hydrated radius for these two ionic species [43] .
Anion exclusion and cation condensation
There is good overall agreement between the MGC model predictions and our MD results. In particular, the good agreement of sodium concentration profiles in the diffuse swarm for x > 5 Å may be noted. As expected, the MGC model is not able to reproduce exactly the position of the Na condensation zone. Cation condensation at the interface can be quantified by the following ϕ(x) function [43] :
where a is the ions' distance of minimum approach (1.84 Å) and c Na (x) represents the concentration of sodium at distance x from the surface. This function can be calculated for both MD and MGC results. Figure 6 shows that cation condensation is shifted to higher x values and underestimated by the MGC model. However, the extent of underestimation is low and the two curves could be almost superposed when considering that the small part of Na that undergoes a loss of water hydration becomes part of the surface charge term (then decreasing σ, Figure 6 ).
The MGC chloride concentration profile shows higher anion exclusion than the MD 1 2 simulations. This difference can be appreciated more quantitatively by considering the anion exclusion distance given by the MGC model [48] :
The integral expression can also be evaluated with the MD simulation results as a function of x:
5 With
where Δx is the resolution of the molecular dynamics trajectory analysis. MD simulation with Clattraction by the plane of Na + cations. For instance, Carnie and Torrie [49] have shown that MGC models become inaccurate for 1:1 electrolyte at concentrations greater than 0.1 mol dm -3 based on Monte-Carlo calculations in similar surface charge conditions. Our simulation conditions would then lie at the limit of applicability of the MGC model. Moreover this result is also supported by the MD data from Marry et al. [17] at 1 mol L -1 although their MD simulations were run with a different clay force field [50] to the one used in the present study: an anion exclusion distance of 3.5 Å (~1.2 κ -1 ) may be calculated from their data, instead of 5.4 Å from the MGC calculation.
Ideally, the reality of this discrepancy could be tested by comparison with experimental exclusion volume at clay surfaces. Montmorillonite TOT layers are either dispersed or stacked in suspensions. Fully dispersed TOT layers exhibit only "external" surfaces whereas stacked TOT layers exhibit "external" surfaces as well as "internal" surfaces that sandwich interlayer volumes of water considered devoid of anions. As a consequence, measured anion exclusion volumes are due to exclusion from the interlayer volumes and from the diffuse layer volume at external surfaces. The relative ratio of external and internal surface areas must be known to compute the exclusion volume. This ratio can be obtained through knowledge of the average number of TOTlayers in one montmorillonite "particle" (n AV ). This parameter has been evaluated for Na-montmorillonite, e.g. by light transmission and viscosity (n AV = 1.4 ± 0.4, [51] and references therein) or TEM measurements (n AV = 1.4, [52] ). These values point out that most of the Na-montmorillonite TOT layers are dispersed or associated in pairs in dilute suspension. This is further confirmed by the standard deviation value of 0.5 for the average number of platelets as observed by TEM methods ( [52] ). A ratio f can be defined that is representative of the ratio of TOT layers that are fully dispersed in the Sposito (1992) has shown that experimental exclusion volume measurements (from [53] [54] [55] [56] ) can be accurately reproduced for NaCl concentrations less than 0.1 mol dm -3 with consideration of exclusion volumes at external and internal surface following:
S 0 is the total specific surface area of a single TOT layer of montmorillonite i.e. ~760 m 2 /g for a Na-montmorillonite, neglecting the edge surface (5-10 m 2 /g, [57, 58] ). S is the external part of the specific surface area. d Q is the separation between single-layer platelets in a quasicrystal (d Q ~ 10Å, [48] ). Equation (20) is almost insensitive to the clay surface charge: a change of charge from -0.125 C m -2 to -0.1 C m -2 results in volume exclusion differences less than 2%. For the following calculation, the surface charge considered in the present MD study will then be considered (-0.116 C m -2 ). Even if it is clear to us that these data are not sufficient to infirm or confirm the relevance of changing d ex from 1.9 κ -1 to 1.2 κ -1 in conditions similar to those simulated in our MD calculations, it may be seen that MD results are in fairly good agreement with the experimental literature data shown in Figure 8 . approach, the diffuse swarm starts in the Na concentration main peak. Zeta potential is usually considered to be the potential at the top end of the diffuse layer [6, 44] . Zeta potential measurements on montmorillonite are available in the literature at NaCl concentrations comparable to that simulated in the present work (~0.1 mol L -1 ):
Basic Stern parameters derivation from MD concentration profiles
TLM parameters derivation
for instance, Sondi et al. measured a zeta potential of -30 mV at 0.1 mol L -1 NaCl with a montmorillonite from Croatia with a CEC of -1.24 mol c kg -1 equivalent to a surface charge of ~-0.16 C m -2 [60] . They also showed that the zeta potential remains in the range -40 to -30 mV from 10 -5 to 0.1 mol L -1 NaCl. The measurement carried out in the present study led to a zeta potential of -38 mV at 0. The Basic Stern model given above leads to a potential at the top end of the diffuse layer of -70 to -60 mV, clearly in disagreement with the zeta potential measurements.
As a consequence, we must either consider (i) that zeta potential is not representative of the potential at the top end of the diffuse layer (in which case, its value cannot be used to parameterize a Basic Stern model as done in [1] or (ii) that the potential is representative of the potential at the top end of the diffuse layer, a more sophisticated model being needed to describe the interface. In the following, a TLM model for the clay surface is proposed.
The 0-plane is located at x = 0. The position of the β-plane was fixed by the end of the first linear potential increase at x 1 = 3.1 Å from the surface. The charge compensation at the 0-plane, corresponding to equation (6), was estimated with MD concentration profile from x = 0 to x = 1.6 Å (pre-peak of sodium concentration) and amounts to 0.008 C m -2 . The charge compensation at the β-plane, corresponding to equation (7), was estimated with MD concentration profile from x = 1.6 to x = 6.1 Å (large peak of sodium concentration) and amounts to 0.076 C m -2 . The diffuse swarm starts at x 2 + x 1 = 6.1 Å, where the potential is -36 mV (Figure 9 ) in agreement with zeta potential measurements. Considering the potential curve obtained with ε Stern =39.2 in agreement with recent results obtained for oxide surfaces [61] , the potential at the 0-plane is -155 mV while the potential at the β-plane is -70 mV. Capacitances C 1 and C 2 can be calculated accordingly using equations (13) and (14) The corresponding complexation constants for Na are: log K Na_0 = 2.2 and log K Na_β = -0.23 (see equation (6) and (7)). It can be seen in Figure 10 that the agreement between simulated with MD and modelled diffuse swarm composition is less accurate with TLM than with the Basic Stern model. However, the potentials at the three planes of interest are accurately reproduced.
Conclusions
The MGC model captures the essential features of the observations gained from MD simulations made with a 0.1 mol L -1 NaCl Na-montmorillonite system i.e. anion exclusion and cation condensation. The MGC model correctly reproduces the Na concentration profile in the diffuse swarm after the Na adsorption "plane". However, we 1   2   3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  1   2   3   4   5 Tables Between these two planes, the dielectric permittivity ε 2 applies. Modified after [44] . The resolution is 0.5 Å for Na concentration and 1 Å for the Na coordination. Lines: water density (blue), Na concentration (red) and Cl concentration (green). [17] ). Data are from [56] (squares and up triangles: experiments at 2 and 4 g montmorillonite L -1 respectively), [54] (circles), [55] (diamonds) and [53] (down triangles). black line is the water density as a function of the distance from the clay surface. Between these two planes, the dielectric permittivity ε 2 applies. Modified after [44] . Green line: coordinates of the most external oxygen atom + ionic radius of oxygen (taken at 1.4 Å). The centre of the system corresponds to the middle of the interlayer.
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